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sap nitrate levels resulted in less N use over the growing season, thus improving plant NUE. Similarly, Hesselein et al. (2000) demonstrated improved growth of Boston fern (Nephrolepsis exaltata) by applying N based on soluble salt levels in container leachate.
The wholesale value of potted pansy production in 2000 was estimated to be $21.3 million (National Agriculture Statistics Board, 2001) , and pansy ranks fourth in popularity among landscape bedding plants (Miller, 2000) . Methods for rapid determination of pansy N status adaptable to the greenhouse, nursery, and landscape industries include SPAD meters (Minolta, Ramsey, N.J.), which measure relative chlorophyll content in foliage, and portable nitrate meters that measure nitrate concentration in plant sap. SPAD meter readings are nondestructive and work by spectrophotometrically determining chlorophyll content in plant foliage. SPAD readings have been correlated with N status for a wide variety of crops including cotton (Gossypium sp.) (Wood et al., 1992) , corn (Zea mays) (Bullock and Anderson, 1998) , apple (Malus ×domestica Borkh) (Neilsen et al., 1995) , and potato (Solanum tuberosum) (Minotti et al., 1994) . However, determining a single calibration or sufficiency range for a crop is often difficult when there is variation in leaf types (thickness, shape, variegation, etc.) within a species (Neilsen et al., 1995; Minotti et al., 1994) .
Nitrate concentration in plant sap as a measure of plant N status has been shown to be reliable for many crops. Petioles are typically used because they are not sites of active metabolism but conductive tissue used for nitrate transport and storage. Petiole analysis is indicative of the balance between nitrate supply in the substrate and its utilization in the leaves (Mills and Jones, 1996) . Two devices, the Hach electrode (The Hach Co., Loveland, Colo.) and the Cardy nitrate meter (Horiba, Kyoto, Japan), utilize nitrate specific electrodes for making quantitative determinations of nitrate concentration. Results from using the two devices to determine nitrate concentration in potato were highly correlated to each other, and highly correlated to results from a laboratory grade Wescan N analyzer (Rosen et al., 1996) . The Hach electrode requires sample dilution while the Cardy meter does not, making the Cardy meter more practical for field applications. The Cardy nitrate meter is portable and can determine nitrate concentration in plant sap over a range of 1 to 10,000 mg·L -1 nitrate. This methodology has been shown reliable for use in potatoes (Rosen et al., 1996) , cauliflower (Brassica oleracea Botrytis Group) (Kubota et al., 1996) , tomatoes (Lycopersicon esculentum Mill.) (Beverly, 1994) , and cereal forages (Delgado and Follett, 1998) . This methodology is not suitable for all crops. Begonia (Begonia elatior) reduces most absorbed nitrate in roots (Schenk, 1988) , and thus nitrate levels in petioles are not indicative of changes in the level of absorbed nitrate.
A procedure that allows for rapid determination of N status in potted or landscape grown pansies would allow growers and Nutritional monitoring, especially of nitrogen (N) status, is an important component of growing quality container plants. With bedding plants, either in flats or individual containers, N deficiency may occur rapidly and limit plant growth at a time when maximum growth is critical for sales. In container nursery and greenhouse crops, measuring plant N status can be accomplished by several methods. Laboratory analysis of tissue samples, albeit reliable, entails shipping and lab processing, and therefore does not allow for rapid diagnosis and immediate response. Another more rapid technique for monitoring nutritional status of container-grown crops is a pour-through method, which correlates soluble salt levels in container leachate with available nutrients in the container substrate (Yeager et al., 1983) . This method offers rapid approximation of the nutrient status potentially available to the plant, and thus allows the grower to make frequent fertility adjustments to maximize growth and marketability. Guidelines for many container crops have been reported using this method (Yeager et al., 1997; Fonteno et al., 1996) , however, use of different substrate, fertilizer sources, irrigation water quality, and moisture level at the time of measurement will affect final readings and can cause confusion (Kirven, 1986) . While pour-through methods offer valuable information regarding nutrients potentially available to the plant, the most accurate way to assess the nutritional status of a crop is to analyze both plant tissue and substrate in which the plant is growing (Smith, 1962) .
A method for rapidly diagnosing N status in landscape-grown crops would also be beneficial to landscape professionals. Landscape professionals cannot rely on pour-through methods for determining the nutritional status of landscape plants. Only laboratory analysis of substrate or plant tissue is reliable for accurate diagnosis. These procedures take time and do not allow for rapid diagnosis and immediate reaction to nutritional deficiencies.
In addition to preventing N deficiency in landscape-grown bedding plants, rapid diagnosis of N status would allow landscape professionals to apply N according to plant need and therefore reduce excess nutrient leaching to groundwater and streams. --N) is mobile in soil and often leached into groundwater systems (Marschner, 1997) . Urban consumers are becoming increasingly aware of environmental impacts from agricultural, nursery, and landscape practices. Nonpoint source pollution (NPS) from urban landscapes has been implicated in contributing to the nutrient load in water bodies throughout the United States (Hairston and Stribling, 1995) . Increased awareness has led many researchers in agronomic and horticultural sciences to evaluate nutritional programs that minimize nutrient leaching from fertilizer applications. Strategies evaluated to improve nitrogen use efficiency (NUE) include use of various fertilizer types (Diez et al, 1994) , methods of application (Timmons and Dylla, 1981) , and rates of application (Syvertson and Smith, 1995) . Others have reported improved NUE by using multiple applications of fertilizer, where the total amount of applied N is split into several applications throughout the year (Guertal, 2000) . However, the exact time at which plants require fertilizer inputs is difficult to determine unless some method of monitoring is used to determine plant N status. Applying N based on plant need could increase NUE, improve plant growth and reduce excess leaching of N. Coltman (1988) landscape professionals to make frequent fertilizer adjustments to their crops. Therefore, the objective of this study was to evaluate the Cardy nitrate meter and the SPAD-502 leaf chlorophyll meter for rapidly determining N status in pansy. phosphorus (P) and 150 mg·L -1 potassium (K) from potassium phosphate (K 2 HPO 4 ). Plants were watered with tap water every third irrigation. On 7 Dec., uniform plants 7 cm (2.8 in) tall and 18 cm (7.1 in) wide were selected from a larger group for use in the experiment. Plants were fertilized with 62 mg·L -1 P, 150 mg·L -1 K, and either 40, 80, 120, or 160 mg·L -1 N using salts and frequencies previously mentioned. Nitrogen treatments were designed to produce plants with N status ranging from deficient to excessive (Fonteno et al., 1996) . Fertilizer salts were mixed in plastic containers and applied at a rate of 450 mL (15 oz) per container per irrigation event. Plants were arranged in a completely randomized design on above ground benches. Six single plant replicates were destructively harvested 15, 35, and 50 d after initial treatment (DAT). Data collected included growth index [(height + width + width) / 3] and flower number. Recentlymatured foliage was used for SPAD readings (SPAD-502), petiole sap nitrate determination, and foliar N (% dry weight basis). For petiole sap nitrate determination, petioles of recently matured leaves ( 12 petioles per plant) were excised and placed into a modified garlic press (Spectrum Technologies, Plainfield, Ill.) and crushed to exude petiole sap. Sap was absorbed onto sample paper (Spectrum Technologies) which was placed onto the sensor of a Cardy nitrate ion meter. Recently matured foliage ( 40 leaves per plant) was also collected, rinsed with deionized water, dried, and ground for laboratory determination of total N (%) using a Leco CN 2000 (Leco Corp., St. Joseph, Mich.). Substrate leachates were collected 35 DAT using a pour-through method (Yeager et al., 1983) . Containers were irrigated with a nutrient solution the day prior to leachate collection. At collection, 200 ml of deionized water was applied to the container surface, and leachates were collected and analyzed for nitrate and ammonium (Sims et al., 1995 Data in both experiments were analyzed with regression analysis, and regression diagnostics were used to determine the most appropriate (if any) transformation of variables.
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Expt. 1. At 14 DAT there were no differences in growth, SPAD readings, or flower number in response to N rate (Table 1) . Despite similar growth and plant appearance, petiole sap nitrate (NO 3 --N) levels (SN) and foliar nitrogen (FN) (% total-N on a dry weight basis) increased linearly with increasing N rate. Pansy fertilized with the low N rate (40 mg·L -1 N) appeared similar to other plants receiving higher N rates, yet foliar analysis revealed FN levels were lower than those reported as acceptable by Mills and Jones (1996) (3.4% to 4.2%). There is discrepancy in the literature regarding acceptable ranges for FN, for example, Fonteno et al. (1996) reported 2.5% to 4.5% as being acceptable. This indicates FN analysis can predict deficient levels of N before visual symptoms of nutrient deficiency occur. Sap nitrate meters and SPAD meters have been used to diagnose N deficiency with other crops, as previously discussed. At 14 DAT, correlation between FN and SN was high (r = 0.88) ( Table 2) , while correlation between FN and SPAD readings was marginal (r = 0.65). This indicates that SN could be used to predict FN and thus N deficiency before visual symptoms occur, while SPAD readings would not be as reliable in predicting FN nor N deficiency. For purposes of this paper, N deficiency will be defined as plants having FN levels lower than 2.5% (Fonteno et al., 1996) .
At 35 N were lower than those recommended in the literature. FN and SN were again highly correlated (r = 0.90), and correlation between FN and SPAD readings was higher (r = 0.88) than at 14 DAT. As plant foliar color began to respond to N rate, SPAD readings became more reliable as a predictor of FN and thus plant N status. Trends at 50 DAT were similar to those at 35 DAT. SN data were regressed against FN to determine the nature of their relationship. Regression diagnostics indicated a logarithmic (base 10) transformation of SN data was necessary to homogenize the variance (Neter et al., 1996) ; actual data are reported in the table (Table 1) . The date at which data were collected was entered into the model to determine differences in response among the three collection dates. Regression analysis indicated the slope and intercept for the line were similar at all three dates, so data were pooled for analysis. FN regressed against SN revealed the following equation for the line of best fit: log(SN) = 0.48*FN + 1.6 [(r 2 = 0.78, n = 61)] (Fig. 1) . The 95% confidence interval for the slope of the line of best fit was [0.42, 0.55] .
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SPAD data were also regressed against FN to determine the nature of that relationship. Unlike SN data, the relationship between SPAD and FN changed at each collection date. At 14 DAT the relationship was significant though weak: SPAD = 3.8*FN + 39.2 [(r 2 = 0.42, n = 18)] (Fig. 2) . The relationships between SPAD and FN at 35 and 50 DAT were similar and more consistent: SPAD = 7.7*FN + 32.0 [(r 2 = 0.76, n = 44)]. Because SPAD meters measure the "greenness" of plant foliage (Mills and Jones, 1996) , they can be effective in predicting FN, and thus N status, when visual symptoms of N deficiency (chlorosis) have already occurred. However, they are not reliable in predicting FN levels prior to the occurrence of deficiency symptoms. Nitrogen was applied as ammonium nitrate. If a significant portion of N absorbed by the plant is ammonium, nitrate levels in sap will not fluctuate with increases or decreases in absorbed N, and thus will not be indicative of the N status of the plant. In leachates collected from pots 35 DAT, nitrate constituted 76% to 97% of the total inorganic N (NO 3 --N + NH 4 + -N) in the leachate (Table 3) . Similarly, Schenk (1988) reported small amounts of ammonium in container substrate despite supplying N in the form of ammonium nitrate, and Cabrera (1997) reported 85% of N in container leachate was nitrate, regardless of N form used in various controlled-release fertilizers. Because ammonium is oxidized to nitrate rapidly in containers and under field conditions (Marschner, 1997) , sap nitrate meters should be reliable regardless of the N form used or the N form preferentially absorbed by the plant.
Expt. 2. When plants were harvested 18 DAT, there were few obvious differences in appearance, in response to N rate. Plants were similar in size and flower number (Table 4) , though a slight increase in foliar color with increasing N rate was apparent. FN and SN levels increased linearly with increasing N rate and were well correlated to each other (r = 0.80) ( Table 5 ). Though SPAD readings increased linearly with increasing N rate, SPAD correlation with FN was low (r = 0.54). As in Expt.
1, SPAD readings were again poor predictors of FN and thus N deficiency, while SN values were good predictors of FN.
At 35 DAT all measured parameters increased linearly with increasing N rates. Differences in SPAD values (foliar greenness) were pronounced, with all plants receiving 100 mg·L -1 N appearing deficient while those receiving 120 mg·L -1 N had dark foliage and appeared healthy. Similar to Expt. 1, when foliar color responded to N rate, SPAD readings were highly correlated with FN (r = 0.86). These data verify results of Expt. 1 in that SN values are a reliable predictor of FN and N deficiency in pansy before visual symptoms of deficiency occur, while SPAD meter values are poor predictors of FN and N deficiency. Data collected 46 DAT were similar to those at 35 DAT, except that flower numbers were similar among all N rates. The expected life span of a sensor is 200-400 readings, depending upon sampling procedures and storage conditions of the meter (equipment manual). While using the sensor at 18 DAT, the authors noticed the meter was difficult to calibrate and had to be corrected several times during the period of data collection. We believe the sensor was at the end of its expected life span, so subsequent readings were conducted with a new sensor. We believe this was the cause of the slight difference in response and lower r 2 value at 18 DAT. Because confidence intervals for the estimated slopes and y-intercepts (data not shown) overlap for the two experiments, the data were pooled (except 18 DAT in Expt. 2) to determine a more precise equation: log(SN) = 0.47*FN + 1.6 [r 2 = 0.80, n = 132] (Fig. 3) . Fonteno et al. (1996) reported FN sufficiency ranges for pansy as being 2.5% to 4.5%. Using these values in the previous equation, SN levels for optimal pansy growth would be 600 to 5200 mg·L -1 NO 3 --N. Our data and observations agree with the calculated lower limit for this range (600 mg·L -1 NO 3 -). However, there were no plants that displayed symptoms of excessive N in our experiment, so we cannot be sure the upper limit (5200 mg·L -1 NO 3 -) is accurate. Nonetheless, growers and landscape professionals are typically concerned with N deficiency.
In summary, our data demonstrate the Cardy nitrate meter can be used to rapidly diagnose N deficiency in pansy. Because of the high degree of correlation with FN levels, SN values determined by the Cardy nitrate meter can be used to predict FN levels, and thus plant N status. In addition, similar to traditional foliar analysis, the Cardy nitrate meter values can predict deficient levels of N prior to the occurrence of visual symptoms in the plant. Also, samples used to determine the equation for the line of best fit were collected at five different sampling dates from 22 Dec. 2000 through 18 May 2001. Over this period of time, the relationship between FN and SN remained stable despite plants growing at different times of the year with different temperature and photoperiod exposures. These data indicate the Cardy nitrate meter values can be a reliable predictor of low N levels before the onset of visual symptoms, when used on plants grown throughout the winter and spring seasons.
